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摘 要 
粉煤灰是燃煤过程中产生的一种固体废弃物。大量研究和工程实践证明，掺
入一定数量和质量的粉煤灰作为矿物掺合料或辅助胶凝材料，可以达到改善混凝
土性能、节约水泥用量、提高混凝土构件质量和工程质量，降低生产成本和工程
造价的目的，具有显著的技术效益、经济效益和社会效益。然而，相对于硅灰、
磨细矿渣粉、天然沸石粉等活性矿物掺合料而言，粉煤灰的火山灰活性偏低，掺
入后会导致混凝土早期凝结和硬化速率较慢，早期强度偏低，无法按时拆模、加
载，难以满足施工要求。即使是优质的Ⅰ级粉煤灰，在中、高强度混凝土中的掺
量也大多为 20%～30%。因此，提高粉煤灰的火山灰活性一直是工程界关注的热
点问题，也是困扰粉煤灰在混凝土中应用的一大难题。粉煤灰用作混凝土组分的
另一大难题是其均质性。粉煤灰的形成受很多因素的影响，不同粉煤灰的组成和
性质差异很大，离散性不可避免。由于燃煤的种类和产地、锅炉燃烧条件以及粉
煤灰的收集工艺、存储方式的差异，不仅不同发电厂的粉煤灰不同，即使是同一
发电厂、不同批次的粉煤灰也不尽相同。其突出表现是不同粉煤灰的需水量比波
动较大且难以控制，使其减水效应受到质疑，从而影响粉煤灰在混凝土中的应用
效果。 
针对现阶段粉煤灰在混凝土中应用存在的上述问题，本文采用物理、化学和
复合激发技术手段，对 I级粉煤灰、原状粉煤灰和等外粉煤灰三种不同类型的粉
煤灰进行了活性激发研究，取得了预期成果。主要研究成果如下： 
（1）对 I 级粉煤灰的活性激发研究：采用化学激发手段，提高 I 级粉煤灰
的早期火山灰活性，同时降低需水量比。首先，对碱类、无机盐类和有机物三类
激发剂进行筛选，并考虑各类激发剂的相容关系，从不同种类的激发剂中优选出
一种；其次，通过三种激发剂的正交试验，验证它们的复合效应； 后，根据试
验结果并考虑经济性，确定复合激发剂的复配比例，得到 FJ 复合激发剂。 
（2）对原状粉煤灰的活性激发研究：采用物理、化学复合激发技术，得到
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高品质的粉煤灰基复合矿物掺合料。首先，对原状粉煤灰进行机械活化，研究不
同粉磨时间对粉煤灰的细度、需水量比、颗粒级配等性质的影响；其次，将原状
粉煤灰与原状矿渣按一定比例进行复配，对粉煤灰活性进行物理和化学激发，研
究、制定粉煤灰-矿渣混合粉磨工艺； 后，在粉煤灰－矿渣复合掺合料中加入
FJ 复合激发剂，进一步进行化学激发， 终得到早期火山灰活性高、需水量比
低的新型粉煤灰基复合矿物掺合料。 
（3）等外粉煤灰的活性激发研究：采用物理、化学复合激发技术，提高等
外粉煤灰的细度，同时降低其需水量比，达到 I 级粉煤灰的质量标准。首先,对
等外灰进行机械粉磨，研究不同粉磨时间对粉煤灰细度、需水量比、不同龄期火
山灰活性指数和颗粒形貌的影响；其次，在粉磨过程中加入 10 种不同类型的添
加剂，研究它们的助磨效果以及对等外粉煤灰活性的激发效果， 终确定等外粉
煤灰的活性激发方案。 
关键词：  I 级粉煤灰  原状粉煤灰  等外粉煤灰  活性激发  
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Abstract 
Fly ash is the solid waste generated in the process of coal combustion. A large number 
of research and engineering practice has proved that adding a certain quantity and 
quality of fly ash as a mineral admixture or secondary cementitious materials in 
concrete can improve its properties, reduce cement consumption, improve the quality 
of concrete structures and engineering quality, reduce production costs and the project 
cost,which is of significant technical, economic and social benefits. However, fly ash 
is of lower pozzolanic activity compared to the silica fume, ground slag powder, 
natural zeolite powder active mineral admixtures,which makes the concrete with a 
certain quantity fly-ash’s early setting and hardening rate is slow and early strength is 
low,and can not remove the form in time to meet the construction requirements. Even 
if fly ash is of high quality,the dosage of fly ash in high-strength concrete are 20% to 
30% at most. Therefore,improving the fly ash pozzolanic activity has been a hot issue 
in engineering sector and it is also a major problem in the application of fly ash using 
in concrete. Another major problem is the heterogeneity of fly ash as a concrete 
component. The forming of fly ash is influence by a lot of factors, inevitably resulting 
that fly ash composition and properties is of discrete difference. As to the different 
types and origins of the coal,the different combustion conditions as well as the 
c0llection process and storage methods , not only the different power plant fly ash, 
even if the same power plant fly ash of different batches of fly ash are not same. Its 
outstanding performance is that the fly-ash’s water demand is volatile and difficult to 
control, making its water-reducing effect has been questioned and affecting the 
application of fly ash in concrete. 
 
As to the problems in the fly ash using in concrete, we used physical, chemical and 
composite stimulation technological means to improve the activity of Class I fly ash , 
original fly ash and substandard fly ash,and achieved the expected results. The main 
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results are as follows: 
 
(1) The study of simulating Class I fly ash: Mainly through chemical simulation 
method to improve the its early volcanic ash activity and to reduce its water demand 
ratio. First, we tried to choose the best ones from different types of chemical elicitor, 
the bases, salts and organic matter,and take the compatibility of the various types of 
activator to promote relations in consideration; Secondly, we would verify the effect 
of three activator complex through the orthogonal test. Finally, we got the best dosage 
of the compound activator the FJ composite activator based on test results and the 
consideration of the economic. 
 
(2) The study of simulating original fly ash: To get high-quality fly ash as the main 
body of the mineral admixtures material system of fly ash - slag Through physical, 
chemical compound excitation method. First, we studied the impact of different 
grinding time of mechanical activation on the fineness of fly ash , water demand ratio, 
particle size distribution and other properties; Secondly, put the original fly ash and 
undisturbed slag by a certain percentage compound in the ball mill stimulating the 
activity of fly ash,and to explore the most conducive to the admixture performance 
improve grinding process; Finally, add the the FJ compound activator to the fly ash - 
slag cementitious system,and got the new fly ash-based composite mineral admixtures 
whose early volcanic ash activity is high and water requirement ratio is low. 
 
(3)The study of simulating Substandard fly ash: to achieve the high-grade nature of 
the fly ash indicators which is of low fineness and low water requirement through 
physical, chemical compound excitation method. First,we used the mechanical 
grinding method to simulate the fly ash,and studied the impact of grinding time on 
fineness of fly ash,water requirement, volcanic activity of different ages and particle 
morphology analysis of it,so we could tell the advantage and disadvantage of simply 
physical activation method; Secondly,add 10 different types of grinding aids in the 
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grinding process to choose the best ones by the standard of fineness and water 
demand ratio; Finally,we refined the tests of the selected grinding aids,through 
studying the indicators of the obtained samples, we determined the best way to 
improve the nature of substandard fly ash and made proposal on actual production. 
 
Key words: class I fly ash；original fly ash；substandard fly ash；activity simulation 
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第一章 绪论 
1.1 粉煤灰的来源与分类 
粉煤灰又称飞灰，是指燃煤电厂中磨细煤粉在锅炉中燃烧后从烟道排出、被
收尘器收集、颗粒非常细以致能在空气中流动并能被特殊设备收集的粉状物质。 
煤粉在炉膛中呈悬浮状态燃烧，燃煤中的绝大部分可燃物都是在炉内燃尽，
而煤粉中的不燃物(主要为灰分)大量混杂在高温烟气中。这些不燃物因受到高温
作用而部分熔融，同时由于其表面张力的作用，形成大量细小的球形颗粒。在锅
炉尾部引风机的抽气作用下，含有大量灰分的烟气流向炉尾。随着烟气温度的降
低，一部分熔融的细粒因受到一定程度的急冷呈玻璃体状态，从而具有较高的潜
在活性。在引风机将烟气排入大气之前，上述这些细小的球形颗粒，经过除尘器，
被分离、收集，即为粉煤灰[1]。 
粉煤灰的形成受很多因素的影响，不同的粉煤灰性质差异很大，无论是从粉
煤灰的利用还是从环境保护角度考虑，都非常有必要对粉煤灰进行比较细的分
类，目前在很多国家包括我国在内，粉煤灰的分类主要从应用需要进行分类。 
我国国家标准《用于水泥和混凝土中的粉煤灰》（GB/T 1596-2005）[2]，根
据粉煤灰的细度、需水量比、烧失量、含水量和三氧化硫含量等指标，将粉煤灰
分为三级，而将除这三类符合相关质量指标的粉煤灰统称为等外灰或者粗灰。 
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表1.1  拌制混凝土和砂浆用粉煤灰技术要求 
项    目 技术要求 
Ⅰ级 Ⅱ级 Ⅲ级 
细度(45μm 方孔筛筛余),不大
于/% 
F 类粉煤灰 12.0 25.0 45.0 
C 类粉煤灰 
需水量比,不大于/% F 类粉煤灰 95 105 115 
C 类粉煤灰 
烧失量,不大于/% F 类粉煤灰 5.0 8.0 15.0 
C 类粉煤灰 
含水量,不大于/% F 类粉煤灰 1.0 
C 类粉煤灰 
三氧化硫,不大于/% F 类粉煤灰 3.0 
C 类粉煤灰 
游离氧化钙,不大于/% F 类粉煤灰 1.0 
C 类粉煤灰 4.0 
安定性 
雷氏夹沸煮后增加距离,不大于
/mm 
F 类粉煤灰 5.0 
C 类粉煤灰 
其中， C 类粉煤灰和 F 类粉煤灰，主要是按照 ASTM 标准分类，C 类粉煤
灰：褐煤或亚烟煤的粉煤灰， 
SiO2+Al2O3+Fe2O3≥50%                                   （1-1） 
F 类粉煤灰：无烟煤或烟煤的粉煤灰， 
SiO2+Al2O3+Fe2O3≥70%                                   （1-2） 
在我国，由于电厂使燃煤的性质决定了，我国出产的粉煤灰绝大多数为低钙
的 F类粉煤灰。 
1.2 粉煤灰在混凝土中应用的历史 
粉煤灰应用于混凝土时主要就是利用其火山灰活性。比较确切的分类，粉煤
灰属于火山灰质材料，早在古罗马时代就采用石灰与硅质火山灰制备出火山灰混
凝土。 早明确认识粉煤灰这种硅质特性并应用于混凝土是在 20 世纪 30 年代，
美国的 Davis 等（1937）进行了开创性的工作。 
美国是 早将粉煤灰用于混凝土的国家之一。 初只是作为大体积混凝土结
构，如 1942 年在 Hoover 大坝的一些修补工程，1953 年在 Hungry Horse 大坝中
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